Rats were fed 20 or 70% casein diets with varying amounts of vitamin B6 (B6), and the B6 content and B6-dependent enzymatic activity in their tissues were examined to determine the minimum re quirement of B6 for animals subjected to different levels of dietary protein (i.e., 20%: 0, 1.45, 2.90, 5.80mg pyridoxine (PN)/kg diet; 70%: 0, 2.90, 5.80, 8.70mg PN/kg diet). B6 requirements for the rats were almost met in the 1.45mg PN/kg 20% casein diet and the 2.90mg PN/kg 70% casein diet when judged from the hepatic B6 content. However, almost twice the PN was required in both 20 and 70% casein diets when judged from PLP-enzymatic activity. The content of B6 vitamers in plasma appeared to be most sensitive to B6 status, though the satisfactory level is not known. It was confirmed that, in any case tested, a high-protein diet increased the requirement of B6. Key Words vitamin B6 requirement, vitamin B6 content, aspartate aminotransferase, glycogen phosphorylase Vitamin B6 (B6) is found in biological tissues and fluids as pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM) and their phosphorylated derivatives. The vitamers function as coenzymes of glycogen phosphorylase and many amino acid metabolic enzymes. A high-protein diet increases the requirement for B6 as follows: First, a high-protein diet containing a low B6 content increases the urinary excre tion of xanthrenic acid (an abnormal metabolite of tryptophan) and some other tryptophan metabolites such as kynurenine and hydroxykynurenine (1); second, in animals fed a B6-free, high-protein diet, growth is retarded and is accompanied by a severe decrease in the activity of pyridoxal enzymes compared to animals fed a B6-free, low-protein diet (2, 3); and third, an increase in B6 intake increases phosphorylated pyridoxal (PLP) concentration, whereas increased protein intake decreases plasma PLP concentration (4).
Vitamin B6 (B6) is found in biological tissues and fluids as pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM) and their phosphorylated derivatives. The vitamers function as coenzymes of glycogen phosphorylase and many amino acid metabolic enzymes. A high-protein diet increases the requirement for B6 as follows: First, a high-protein diet containing a low B6 content increases the urinary excre tion of xanthrenic acid (an abnormal metabolite of tryptophan) and some other tryptophan metabolites such as kynurenine and hydroxykynurenine (1); second, in animals fed a B6-free, high-protein diet, growth is retarded and is accompanied by a severe decrease in the activity of pyridoxal enzymes compared to animals fed a B6-free, low-protein diet (2, 3) ; and third, an increase in B6 intake increases phosphorylated pyridoxal (PLP) concentration, whereas increased protein intake decreases plasma PLP concentration (4) .
The accurate determination of B6 in biological samples is essential for assessing nutritional and metabolic requirements. There have been many attempts to analyze the vitamin content of biological samples, including microbiological , colorimetric and fluorometric methods combined with ion-exchange column chromatography; however, these methods are not very accurate or sensitive. Recently, a combined method of separation of the vitamin by high-pressure liquid chromatography (HPLC) and post-column derivatization of PLP with sodium bisulfate was found to be more sensitive and accurate, but also more time consuming (5 ,6) . In this study, we fed rats 20 or 70% casein diets with varying amounts of B6 , and examined the B6 content and the PLP-enzymatic activity in their tissues to determine the minimum requirement of B6 for animals subjected to different levels of dietary protein.
MATERIALS AND METHODS
Animals. Two series of experiments were performed . In experiment 1, 25male weanling (3weeks old) rats of the Wistar strain were divided into 4 groups (7 for 1 group and 6 for the other groups). Each group was fed a 20% casein diet containing 0mg/kg (Group 20-0), 1.45mg/kg (Group 20-0.5), 2.9mg/kg (Group 20-1) or 5.8mg/kg (Group 20-2) pyridoxine hydrochloride. In experiment 2 ,24male weanling (3weeks old) rats of the Wistar strain were divided into 4 groups as well. Each group was fed a 70% casein diet containing 0mg/kg (Group 70-0), 2.9mg/kg (Group 70-1), 5.8mg/kg (70-2) or 8.7mg/kg (70-3) pyridoxine hydrochloride . The animals had free access to the prescribed diet and water for 4 weeks . The complete composition of the diet, other than pyridoxine , has been described previously (7) . All dietary materials were obtained from Oriental Yeast Co., Tokyo , Japan.
Chemicals 
RESULTS
Effects of dietary protein and B6 contents on growth of animals and tissue weights Rats were fed a 20 or 70% casein diet containing various amounts of B6 for 4 weeks. The growth of rats fed a vitamin B6-free diet (20-0, 70-0) was significantly impaired ( Table 1 ). The growth of rats in the 70-0 group was especially affected. The weights of the liver and gastrocnemius muscle from these animals are shown as gram per 100g body weight (Table 2 ). There were no significant differences in the weights of the tissues between groups, but the weight of liver tissue from the 70% casein groups tended to increase in the 70-3 group.
Effect of dietary B6 levels on the B6 content in rat tissues B6 content was measured in rat tissues (i.e., plasma, liver and gastrocnemius muscle) ( Table 3 ). The B6 content in the plasma of rats fed a B6-free diet was below the detection limit (20-0 and 70-0; not shown). PLP and PL, the main components of B6 in the plasma, gradually increased as B6 intake increased. The level of B6 vitamers in the plasma of rats fed a 20% casein diet was higher than that in the 70% casein groups when there was an equal amount of B6 in the diets. In the liver, PMP and PLP were the main form of B6 compounds detected, and the B6 content in both the 20-0 and 70-0 groups was significantly lower than in the other groups. According to the increase in dietary B6 levels, B6 content in the liver gradually increased in both the 20 and 70% groups, then tended to approach to saturated level which was different for the 20 (lower) and 70% (higher) groups. In the gastrocnemius muscle, PLP was the main component of the B6 compounds, however, some PMP was also detected. The level of the vitamer in rats fed the B6-deficient diet was approximately 20% of that of the rats given a saturated amount of B6 (20-1, 2 and 70-2, 3). Of the groups with 20% casein and 70% casein diets, 20-1 and 70-2 had saturated levels of B6. Effect of dietary B6 levels on enzymatic activity AST activity in the erythrocytes, liver and muscle, and glycogen phosphorylase activity in the muscle were measured in these animals (Tables 4 and 5 ). In erythrocytes, the effect of the addition of PLP to the nAST activity in the 20-0 and 70-0 groups was larger than 1.8, a value used for the assessment of the B6 status in humans (14) , and those activities were very low as compared to the values obtained from the B6-fed groups, even in the presence of PLP. As dietary B6 increased, AST activity gradually increased both with and without PLP, but the effect of the addition of PLP in each group was not significant. In the liver, cytosolic AST activity in the rats fed the 20% casein diet had normal values in all groups, including the B6-deficient group. On the other hand, the AST activity in the 70-0 group was significantly lower than that in the other 70% groups, and thus, the 70-0 group was judged to be deficient although the effect of the addition of PLP showed AST activity of 1.59-fold. Muscle AST activity was significantly lower in both the 20-0 and 70-0 groups than that in the other groups, and judged to be deficient because the addition of PLP gave AST activity of 2.89-fold for the 20-0 group and 2.52-fold for the 70-0 group. As shown in Table 5 , glycogen phosphorylase activity was not affected by the addition of PLP in all groups tested; however, activity in the 20-0 and 70-0 groups was significantly lower than that in the other groups. Moreover, activity in the 20-0.5 and 70-1 groups was also lower than in the other groups fed diets containing much higher amounts of B6. Thus, the 20-0 and 70-0 groups were judged to be severely deficient, and the 20-0.5 and 70-1 groups were mildly deficient as determined by the levels of glycogen phosphorylase.
DISCUSSION
In this study we examined the B6 content and some PLP-enzyme activities in several tissues of rats fed either a 20 or 70% casein diet containing different levels of B6 (Tables 1-5 ). The B6 content in the plasma of rats fed a 70% casein diet was approximately half of that in the 20% casein groups (20-1 vs 70-1, 20-2 vs 70-2). B6 vitamers in the liver occurred mainly as PMP and PLP in a ratio of 2:1 in all cases tested except for the groups fed B6-free diets. B6 requirements for the rats were almost met in the 20-0.5 and 70-1 groups when judged from the hepatic B6 contents. For muscle, however, a much higher level of B6 was necessary (i.e., groups 20-1 and 70-2), and the main component of the vitamer was PLP, which accounted for 75% of the total coenzyme.
The B6 requirements for rats fed the 20 or 70% casein diets were also determined from the AST and glycogen phosphorylase activity in several tissues. In erythrocytes, although the addition of PLP (10-4M) increased AST activity in both B6-free groups (Table 4) , activity after PLP was added was still lower than that in the B6-fed groups, suggesting that apo-AST protein may be lower for some reason (i.e., increased degradation or decreased synthesis of the enzyme protein) . Taking these data into account, the use of the ratio+PLP/-PLP for the assessment of B6 status is not satisfactory, but the value of final activity in the presence of PLP may need to be considered. B6 deficiency was not observed for hepatic cytosolic AST activity in rats fed a 20% casein diet. On the other hand, B6 deficiency was observed in the 70-0 group, while B6 levels were evidently sufficient for the liver in the 70-1 group. The muscle tissue of the 20-0 and 70-0 groups appeared to be deficient, but the other groups had sufficient B6 levels when determined by AST activity . Glycogen phosphorylase activity was not increased by the addition of PLP in any case, suggesting that no apo-enzyme is contained in the tissue. B6 deficiency results in a decrease in the enzyme protein of glycogen phosphorylase (10) , and in this study, 20-0, 20-0.5, 70-0 and 70-1 groups were estimated as B6 deficient when judged from this enzyme activity.
Thus, 2.90mg PN/kg in 20% casein diet and 5.80mg PN/kg in 70% casein diet is necessary to maintain health when judged from both the content of B6 vitamers and B6-enzyme activity.
B6 vitamers contained in the diet are known to appear in the plasma mainly as PL (15) and are incorporated into various tissues according to need. Based on the finding of a high content of glycogen phosphorylase in muscle, Krebs and Fischer proposed that muscle phosphorylase acts as a repository of B6 (16) . They calculated that 60% of the B6 present in rat muscle was present in the phosphorylase . As phosphorylase constitutes nearly 5% of the soluble protein in muscle (17) and muscle accounts for approximately 40% of the body mass, this enzyme would have a substantial capacity for the storage of B6. In this study, we also found that more than 80% of the muscle B6 exists as PLP, which is the sole coenzyme form of phosphorylase. Black et al reported that muscle phosphorylase and total muscle B6 increased steadily in rats fed high levels of B6 (18) . Their results support the hypothesis of Krebs and Fischer that muscle phosphorylase acts as a reservoir for B6 in animals.
In this study, we found that when the intake of B6 becomes inadequate, B6 is preferentially incorporated into the liver and is bound to the cytosolic AST, and thus liver appears to resist B6 deficiency . We also found that PL incorporated into the muscle is preferentially bound to the AST molecule rather than to glycogen phosphorylase.
Our data indicate that a high protein intake increases the requirement for B6 when the content of B6 vitamers and PLP-enzymatic activity were accounted as the indicators of B6 status, and also that a role of the muscle phosphorylase is to act as a reservoir for B6 in animals .
